cell fusion was observed only when cells expressed the F protein of the fusing strain together with the HN protein derived from either strain. Mutational analyses further showed that the amino acid at position 195 of the F protein plays a critical role in determining the extent of cell fusion induced by mumps virus, since replacement of Ser-195 by Tyr significantly reduced the fusion inducibility of otherwise fusion-competent F protein.
Mumps virus is known to induce syncytium formation upon infection of cultured cells; however, the extent of cell fusion differs markedly among strains (8) (9) (10) . Although it is well established that the cleavability of the fusion (F) protein determines fusogenicity of paramyxoviruses (13) , the F proteins of all mumps virus strains examined to date were completely cleaved (9). Merz and Wolinsky described the importance of the hemagglutinin-neuraminidase (HN) protein in determining the extent of cell-to-cell fusion induced by mumps virus, showing that virus strains with low neuraminidase activity were highly fusogenic whereas strains with high enzyme activity manifested limited or no fusion upon infection (10). Waxham and Aronowski (21) isolated a variant virus, RW(DANA)vl, resistant to 2-deoxy-2,3-dehydro-N-acetylneuraminic acid (DANA), an inhibitor of neuraminidase, from the RW strain, showing that RW(DANA)vl was capable of inducing extensive cell fusion whereas the RW strain was not. By analyzing the nucleotide sequence of the HN gene of the variant strain, they claimed that amino acid substitutions found at position 181 (Ile to Thr) resulted in loss of neuraminidase activity that rendered this variant virus fusogenic (21) . Since two other fusogenic strains (7, 18) both had Ile at position 181, the difference in fusion activities among strains could not be explained solely by the amino acid difference found at this position. To identify a factor(s) responsible for determining the extent of cell fusion induced by mumps virus, we have constructed mutant glycoproteins and expressed them in COS7 cells.
The total RNAs extracted from Vero cells infected with the RW strain, kindly provided by Jerry S. Wolinsky, University of Texas Health Science Center at Houston, by the guanidine thiocyanate method as described previously (25) were reverse transcribed by using oligonucleotide primers specific for the HN and F genes (17, 18) . The resulting cDNAs were amplified by the polymerase chain reaction and cloned downstream of the SRot promoter in the expression vector pcDL-SRoc (16) . The recombinant plasmids, designated pSRF(RW) and pSRHN(RW), harboring the F and HN genes of the RW strain, respectively, were obtained. Nucleotide sequencing of these plasmids revealed that the coding * Corresponding author.
regions of both glycoproteins were successfully cloned, but two amino acids in the coding region of the F gene of pSRF(RW) were different from those reported earlier (22) .
We have previously shown that simultaneous expression of the HN protein was necessary for the induction of cell-to-cell fusion mediated by the F protein of the Miyahara (MI) strain of mumps virus (19) . No extensive cell fusion, however, was observed when COS7 cells were transfected with pSRF(RW) along with pSRHN(RW) (see Fig. 2D ), as found for cells infected with the RW strain (data not shown). Since both glycoproteins synthesized in transfected cells were indistinguishable from their counterparts synthesized in virus-infected cells (Fig. 1 , lanes 2, 4, 7, and 9; unpublished data), the apparent lack of cell fusion was attributable 5) and anti-F (lanes 6 to 14) monoclonal antibodies (20, 24) . The extract from the cells transfected with vector DNA alone was also examined (lanes 5 and 10). The precipitates were analyzed on a 10% polyacrylamide gel containing sodium dodecyl sulfate in the presence of 2-mercaptoethanol. to a different biological activity of either or both glycoproteins. To determine which glycoprotein derived from the RW strain was responsible for reduced fusion inducibility, COS7 cells were transfected with pSRF(RW) plus pSRHN(MI) or pSRF(MI) plus pSRHN(RW). Extensive cell fusion was observed in cells transfected with pSRF(MI) together with pSRHN(RW) (Fig. 2C) but not in cells transfected with pSRF(RW) and pSRHN(MI) (Fig. 2B) . These results indicated that lack of fusion induction by the RW strain was attributable to the F protein but not to the HN protein of this particular strain.
There were 12 amino acid residue differences between the F proteins of the MI (17) and RW (22) strains (Fig. 3) , including those introduced during cDNA cloning (shown in parentheses in Fig. 3) . We have thus attempted to identify an amino acid(s) probably involved in decreased fusion inducibility. Eight chimeric F proteins containing sequences derived from the RW and MI strains as shown in Fig. 3 Fig. 3 . The chimeric F proteins containing Arg and Ser at positions 160 and 195, respectively, were able to induce extensive cell fusion (Fig. 3, IR IIM, IIIR, and IVM), but the others failed even though they were expressed, cleaved, and transported to the cell surface (data not shown). These observations strongly suggested that one of two amino acids at positions 160 and 195 or both were important in determining the fusion phenotype induced by mumps virus.
To further determine whether these amino acids at positions 160 and 195 were essential for fusion induction, four recombinant plasmids coding for the mutant F proteins were constructed. For the introduction of point mutations, oligonucleotides Fa (5'-TACCGAATATCCAACCCACT-3'; positions 224 to 243), m-Tyr (5'-GGTATAATCCTAGG-TAAGTTGC-3'; positions 661 to 640), and m-Ser (5'-GGTA TAATCCTAGGGAGGTTGC-3'; positions 661 to 640) were synthesized. The m-Tyr and m-Ser primers each contained a StyI site in their sequences. The DNA fragments defined by the Fa primer and either the m-Ser or m-Tyr primer were amplified by the polymerase chain reaction. After digestion with PvuII and StyI, the fragments were inserted into pSRF(RW) or pSRF(MI) from which the PvuII-StyI fragment had been removed. Two mutated clones obtained by this strategy were designated pSRF(RW195Ser) and pSRF (MI195Tyr). pSRF(RW16OArg) and pSRF(MI160Gln) were constructed by exchanging the NspV-PstI fragments between pSRF(RW195Ser) and pSRF(MI) and between pSRF (MI195Tyr) and pSRF(RW), respectively. Upon transfection, all of the mutant F proteins expressed in the transfected cells were efficiently cleaved (Fig. 1, lanes 11 to 14) and transported to the cell surface (data not shown). Extensive cell fusion was observed in cells transfected with pSRF (RW19SSer) (Fig. 2E ) along with pSRHN(MI), whereas transfection with pSRF(MI195Tyr) and pSRHN(MI) did not result in induction of cell fusion (Fig. 2F) Although this study clearly showed that the F protein but not the HN protein determines the extent of cell fusion induced by a given mumps virus strain, it is unambiguous that the HN protein is indispensably required for induction of cell fusion mediated by mumps virus (19) . Precise roles played by the HN protein, however, are not known at present, while an intimate interaction between the HN and F proteins has been suggested for several other paramyxoviruses (4-6, 11, 12, 15, 23) . It therefore seems possible that introduction of an amino acid with an aromatic side chain at position 195 may alter a yet unidentified interaction between the two glycoproteins. Alternatively, the amino acid at position 195 may be positioned spatially near the amino terminus of the Fl protein, a proposed fusion domain of the F protein, thus influencing the fusion process, as suggested by studies on escape variants selected with anti-F monoclonal antibodies (14) . Involvement of amino acids around this position (195) in such proposed auxiliary domains, however, has not been reported. Moreover, this location is separated from the heptad repeat sequences (3) and a leucine zipper motif (1, 2) that are thought to be important for maintenance of the tertiary structure of the protein and for induction of cell fusion, respectively. Although the RW strain is less fusogenic than other strains, it can infect cultured cells and grow as efficiently as fusing strains. The molecular mechanism(s) of cell-to-cell fusion, therefore, seems different from what is operative when penetration of virus into cells takes place.
